The accuracy of routine measurements by nursing staff of systemic arterial, central venous, pulmonary artery and pulmonary capillary wedge pressures was determined. There was a significant difference between direct mean arterial blood pressure measurements and routine indirect measurements by the nursing staff in the pressure range of 50-100 mmHg, whereas there was no significant difference between direct and indirect measurements when indirect measurements were made by specially trained hypertension clinic personnel. However, there was a good correlation between direct and indirect measurements in each instance, indicating that changes in blood pressure could be adequately followed by both groups. Systems commonly used to measure blood pressure directly were tested. Limits infrequency response preclude the routine direct measurement of systolic or diastolic blood pressures. If direct systolic and diastolic pressure measurements are required, it is necessary to check the performance of the amplifier and recording system, attach the transducer to the patient, and determine and adjust, if necessary, the natural frequency and damping coefficient of each system before each measurement. However, it is suggested that a knowledge of systolic and diastolic pressure measurements seldom improves patient management, and if mean pressures are accepted, reliable routine measurements may be obtained by the nursing staff The digital display of the systems tested may be accepted for mean arterial pressure, but for accurate mean central venous and pulmonary capillary wedge pressure measurements, it is necessary to interpret the trace on a chart recorder; pulmonary artery pressure can often only be estimated.
(vortex formation and, to a lesser extent, turbulence, consequent on narrowing of the vessel) or by vibration of the arterial wall and surrounding tissues. Both have been shown to occur, but their relative importance in different circumstances is hard to prove. 6 Detailed mathematical analyses have not produced better indirect blood pressure measurements, as the required ideal conditions do not occur in vivo, and nor can the variables involved be measured in vivo. 7 Indirect blood pressure measurements are imprecise. Even in recent studies, when strict criteria regarding auscultatory technique, cuff size and fit were adhered to, it was shown that both systolic and diastolic measurements could be in error by up to + 20 and -30 mm Hg.8
Other studies have recorded even greater errors. 9 ,1O Errors are increased yet further in the obese ll or hypertensive,12 and indirect measurements become positively misleading in shocked patientsY When indirect were compared with direct pressure measurements in 18 shocked patients, systolic pressure was an average of 33 mm Hg lower measured by the indirect method, and pulse pressure was an average of 9.6 mm Hg compared to 47.9 mm Hg measured directly. Directly measured mean arterial pressure may be normal in a limb in which no radial artery is palpable and in which no Korotkoff sounds are audible. This is due to a marked decrease in flow through the narrowed segment under the cuff and an increased stiffening of the arterial wall. These conditions may be reproduced in normal volunteers by infusion of noradrenaline into the axillary artery. 13 These problems have not been overcome by the availability of a whole range of devices (at least 15) that variously automatically inflate the cuffs, control the rate of deflation, amplify, display and record the sounds. 14 ,15,16 There is no requirement that these instruments be properly assessed, and manufacturers' claims are frequently misleading. Two recent studies on the accuracy of these devices agreed that they are not as reliable as the basic stethoscope bell and mercury sphygmomanometer . 14, 16 As many of the data quoted in the literature were obtained under well-controlled circumstances, it was decided to examine the order of accuracy that may be obtained with routine measurements made by nursing staff in the clinical situation. The order of accuracy obtained by trained hypertension clinic personnel was also examined.
Direct blood pressure measurement
As the limitations of indirect blood pressure measurement have become more widely appreciated, direct measurements of arterial pressure have been made more frequently; direct measurement is of course necessary for central venous, pulmonary artery, and pulmonary capillary wedge pressures. It is essential that reliable information be obtained 24 hours a day if clinical decisions are to be made on the basis of pressures plotted on a chart.
Fourier demonstrated that any periodic wave-form may be represented by summated sine waves, the frequency of which are multiples of the fundamental frequency of the system 17 (heart rate, or 1-3 Hz, in this case). It is generally agreed that the first 10 harmonics (20 Hz for a heart rate of 120 per minute, or 25 Hz for a heart rate of 150 per minute) are necessary to reproduce arterial waveforms. 6 ,18,19 That is, the system should faithfully reproduce pressure sine waves of constant amplitude when driven at frequencies of up to 20 or 25 hertz.
Catheter-transducer systems are generally second-order systems; when subjected to a sudden change, undamped systems will overshoot followed by progressively decaying oscillations. Such systems have a natural frequency at which they resonate (for example, 14 Hz in Figure 1 b) and as this natural frequency is approached, the amplitude of the sine waves progressively increases. The natural frequency represents the rate at which a system can oscillate. It is evident that a high natural frequency is necessary for faithful sine wave amplitude reproduction up to 20 Hz in an undamped system (usually at least 40 HZ).20 The damping coefficient is a measure of the speed at which the system will come to rest after a sudden change. It is possible, by damping a system optimally, to keep the sine wave amplitude within 2070 of the reference up to driving frequencies of two-thirds of the natural frequency of the system. 21 In other words, if a system has a natural frequency of 30 Hz, and is optimally damped, then it will accurately record systolic and diastolic blood pressures for heart rates up to 120 per minute. However, as both the natural frequency and the damping coefficient of a system may change suddenly in clinical circumstances 22 (for example, due to deposition of fibrin on the catheter tip, kinking of an intravascular cannula, or the presence of a small air bubble somewhere in the system) it is necessary to determine both at the time of each measurement if accurate systolic and diastolic pressures are required. Amplifier-recorder systems, however, are generally first-order systems; these systems are intrinsically damped, and when subjected to a sudden change will come to rest without any overshoot. In such systems, when the driving frequency is increased beyond a certain limit, the amplitude of the sine waves progressively decreases. The system is said to have an operational bandwidth from zero hertz up to the frequency at which the sine wave amplitude is decreased by 3 decibels (or to less than 0.707 of the initial amplitude). The actual frequency at which this occurs (for example, 14 Hz in Figure 1 c) is determined by the basic system bandwidth for small amplitude sine waves, and is further limited by the ability of the system to respond to sine waves producing large deflections of the chart recorder pen. Thus in order to accurately record a blood pressure of 200/100 mm Hg it is necessary for the system to have a bandwidth from 0-30 Hz for a pen deflection of 100 mm Hg on the chart.
As many of the systems in clinical use may give measurements in error by up to 30 mmHg,22 it was decided to examine in the laboratory the amplitude-frequency response of a range of available transducers, intravascular cannulae, connection lines and taps and amplifier-recorder systems (both separately and in various combinations). It was also decided to determine the order of accuracy of the outputs of the digital displays of the amplifier-recorder systems in clinical use. The accuracy of a water manometer for central venous pressure measurement was also examined.
METHODS

Indirect blood pressure measurements
Indirect blood pressure measurements were made using a mercury sphygmomanometer (Trimline, PyMaH Corp., Somerville, N.l., U.S.A.) with a cuff which measured 13 cm x 23 cm, with auscultation for the Korotkoff sounds in the cubital fossa. Mean blood pressure was derived by dividing by three the sum of the systolic blood pressure and twice the diastolic blood pressure. All comparisons were made on the same arm; disappearance of the Korotkoff sounds (Phase V) was taken as diastolic pressure by the Hypertension Clinic staff. Mean arterial blood pressure measurements made by nursing staff in the Intensive Care Unit by the indirect auscultatory method were compared to mean intra-arterial pressures measured simultaneously by one of the authors. The nursing staff were not aware that a study was being carried out; this was possible because it is currently our practice to continue routine indirect blood pressure measurements when direct mean arterial pressures are being measured, and because the presence of one of the authors checking the calibration of the equipment is not unusual. The patients selected were those in whom an arterial cannula had been placed at least 24 hours previously; all arterial cannulae had been inserted for medical indications, and none were placed for the purpose of the study. Critically ill unstable patients were not studied.
Direct mean arterial pressure measurements were made by the method described below in 'Direct Blood Pressure Measurement (Clinical Situation),. Measurements were made with the patient supine, with the zero reference point of the venting transducer stopcock level with the mid-axillary line. A closed fluid loop was used to check this level and to check that the bed was level.
In one group of patients, direct and indirect measurements made as described above were also made at the same time in the same patients according to a strict protocol by specially trained Hypertension Clinic personnel using a random zero sphygmomanometer (Gelman, Hawksley Ltd., Lancing, Sussex, U.K.).
Direct blood pressure measurement (laboratory)
The static and dynamic response of a range of transducers (with and without Disposadomes) (Bell and Howell, 368787-0100, Pasadena, California, U.S.A.), intravascular cannulae, connection lines and taps, flushing devices and amplifier-recorder systems, was determined in the laboratory. The equipment tested is listed in Tables 1, 2 and 3. The static response of each transducer was determined using an oil-filled (specific gravity 1.9) glass 1.5
• "With plumbing" refers to the fact that the standard set of connections used clinically were attached to the catheters and the whole system was tested. These are described under "Direct Blood Pressure Measurement (Clinical Situation)" in the Methods Section. column with a scale graduated in mm Hg equivalents (Dwyer Instruments, Inc., Michigan City, Indiana, U.S.A.) at increments of 25 mm Hg between 0 and 150 mm Hg. The dynamic response of each system was checked using a sine wave pressure generator, at a mean pressure of 100 mm Hg with an oscillation of 40 mm Hg at frequencies of from 0.1 Hz to twice the natural frequency of each system or 200 Hz for equipment listed in Table 1 , and from 0.1 Hz to beyond the limit of operational bandwidth (sine wave amplitude < 0.707 of initial amplitude) or 200 Hz for equipment listed in Table 3 . The pressure waves were generated in a water-filled perspex chamber (volume 54 ml) by a metal diaphragm and linear actuator (type 110, Ling Dynamic Systems, Herts, U.K.) linked to the sine wave generator ( Figure 2 ). The reference transducer screwed directly into the side of the perspex chamber via the thread provided in the dome, whereas each system was tested by gluing it into the lumen of a disposable male Luer lock taper, which could then be fitted into the side of the perspex chamber via a female Luer port. The accuracy of an aneroid gauge (Minim us nach Dr. von Recklinghausen, Germany) for measuring mean pressures was also examined.
Pressure Waveform Generator
Recorder FIGURE 2.-Sine wave generator and recording system for determining frequency-amplitude relationships.
Direct blood pressure measurement (clinical situation)
The mean arterial, central venous and pulmonary capillary wedge pressures, as determined by electrical integration, and as indicated by digital display by the systems in clinical use (in Table 3 ) were compared to the mean pressures recorded on a chart recorder (2600 Series, Gould Instruments Division, Cleveland, Ohio, U.S.A.) at the end of the expiratory pause, and interpreted according to the legends in Figure 3 . The standard intravascular cannulae, connectors, and transducers used clinically were tested in each instance. Mean arterial pressure measurements were made via a 20G radial artery cannula (Jelco Laboratories, Raritan, N.l., U.S.A.) connected via six inches* of pressure tubing (Sorensen PT -06, Sorensen Research Company, Salt Lake City, Utah, U.S.A.), a "Imperial units have been used as the material is supplied direct from the U .S.A. e (e) PCWP measurements made in the manner described in (a) were compared with measurements of the area under the curve (shaded area) at a chart speed of 25 mm/second. The areas were measured by cutting out and weighing the areas under the curve. The difference between measurements made in the manner described in Figure 4 (a) and this method was consistently less than 4070.
Central venous pressure measurements made using a standard T -tube water manometer (72-040, Tuta Laboratories, Lane Cove, Australia) connected to an 8" x 160 central venous cannula (Intracath, Deseret Company, Sandy, Utah, U.S.A.) were compared with measurements made using a strain gauge transducer (4-327-1, Bell and Howell) connected to the same catheter via a 3-way stopcock (Intralock, Sorensen PS-N3W). The direct measurements were made from the same calibrated chart recorders (Oould 2600 series). The measurements were compared at the end of the expiratory pause. The catheters were all placed via the subclavian or internal jugular vein and placement of the tip in the superior vena cava was confirmed by chest X-ray. All measurements were made with the patient supine, with the T -tube and venting stopcock level with the mid-axillary line (confirmed again by the use of the closed fluid loop).
Statistical methods
Linear regression analysis was performed using the method of least squares. Statistical significance was determined by using the paired Student's t-test.
RESULTS
Indirect blood pressure measurements
Mean arterial blood pressure measurements made by the Intensive Care Unit nursing staff and by the Hypertension Clinic staff are compared to directly measured mean arterial pressures in Figure 4 . Analysis of the measurements made by the Intensive Care Unit nursing staff over the range of 50-100 mm Hg showed a significant difference between directly measured mean arterial blood pressure and routine indirect measurements (p < 0.001). Examination of the regression line yielded by these data (see Legends to Figures 4a and 4b) indicated that routine indirect blood pressure measurements made by the Intensive Care Unit staff tended to overestimate pressures in the low range. Further analysis of the measurements obtained by the Intensive Care Unit staff when intra-arterial mean pressures were greater than 100 mm Hg (the important range for the diagnosis of hypertension) showed no significant difference between direct and indirect measurements. Analysis of the measurements obtained by the Hypertension Clinic staff showed no significant difference between indirect measurements and direct measurements over the whole range of pressures, and examination of the regression line for these data (see Legend to Figure 4b ) confirmed that no systematic error was present in this group. There was a good correlation between indirect and directly measured mean arterial pressures for both the Intensive Care Unit (r = .94 for data in Figure 4a , r = .97 for data in Figure 4b ) and for the Hypertension Clinic (r = .98 for data in Figure 4b ) staff, indicating that changes or trends in blood pressure would be adequately followed by both groups.
Direct Blood Pressure Measurement (Laboratory)
Analysis of the data from the static calibration of 12 transducers (4-327-1, Bell and Howell) calibrated at 25 mm Hg increments of pressure between 0 and 150 mm Hg yielded a mean difference of -1.1 (±O.4)OJo. The dynamic amplitude-frequency responses of various catheter-transducer systems tested are charted in Tables 1 and 2 frequency responses of the various amplifierrecorder systems tested are charted in Table 3 . Typical recordings are shown in Figure 1 . On dynamic calibration, each of the 12 transducers tested had a natural frequency of more than 250 Hz without Disposadomes, of 160-180 Hz with Disposadomes with saline under their diaphragms, and of 70-100 Hz with air under the Disposadome diaphragms. The aneroid gauge tested was accurate (± 4070) for mean pressures over the range 20-200 mm Hg.
Direct Blood Pressure Measurement (Clinical Situation)
Mean arterial pressures as indicated by the digital displays of the clinical systems tested were within 2% of the area under the recording measured directly by the method described in the legend of Figure 3e (52 measurements in 21 patients). Central venous pressure and pulmonary capillary wedge pressure values as indicated by the digital displays of the clinical systems tested (* in Table 3 ) were an average of 2.7 (± 0.7, range 1-4) mm Hg higher than the mean measured from the chart recording at the end of the expiratory pause for patients on intermittent positive pressure ventilation (43 measurements in 15 patients). With spontaneously breathing patients the digital display of the systems tested indicated values on average 3.3 (± 1.0, range 2-5) mm Hg lower than the mean obtained from the chart recording at the end of the expiratory pause (30 measurements in 10 patients). Central venous pressure measured by a water manometer was an average of 1.5 (±0.8, range 1-3) mm Hg higher than the mean measured from the chart recording at the end of the expiratory pause for patients on intermittent positive pressure ventilation (20 measurements on 15 patients), and was an average of 1.0 (± 0.6, range 0.5-3) mm Hg lower than the mean obtained from the chart recording at the end of the expiratory pause (20 measurements in 12 patients) for spontaneously breathing patients. Pulmonary arterial measurements were not made for reasons discussed below.
DISCUSSION
Indirect Blood Pressure Measurement
Anaesthetists require a knowledge of arterial blood pressure for two main reasons. The first is to determine whether or not a patient is hypertensive, and if so, whether the hypertension is adequately controlled. For this, the anaesthetist relies on indirect blood pressure measurements.
Although indirect measurements are imprecise,8-13 and have remained so in spite of great efforts to improve Anaesthesia and Intensive Care, Vol. IX, No. 4, November, 1981 their precision,14-16,23-24 they are simple, safe, cheap and non-invasive, and have been shown to be adequate for the diagnosis and surveillance of hypertension. 25 -27 In this study it was shown that there was no significant difference between mean intra-arterial blood pressure and that measured indirectly by trained Hypertension Clinic personnel over the full range of pressures, and there was no significant difference with routine indirect measurement by the Intensive Care Unit nursing staff in the clinically important range for the diagnosis of hypertension (mean arterial pressure > 100 mm Hg).
Thus, this study confirms that although large errors may be incurred with individual indirect measurements (± 15 mm Hg for mean arterial pressure in the hypertensive range for the Intensive Care Unit staff in this study), routine measurements are generally adequate for the diagnosis and surveillance of hypertension.
Anaesthetists also require a knowledge of arterial blood pressure because it is one variable which they consider in conjunction with other clinical parameters such as tissue per fusion and heart rate when assessing cardiovascular status. In this context, changes or trends are of importance, and absolute values are of little interest (except where blood pressure is very high or very low).
The Intensive Care Unit nursing staff and Hypertension Clinic personnel were able to adequately detect and follow changes in blood pressure, as there was a good correlation between intra-arterial pressure and indirect mean blood pressure measurements in each instance (r values of 0.97 and 0.98, respectively), although the Intensive Care Unit staff measurements were subject to a systematic error as regards absolute values, as their measurements tended to overestimate low blood pressures in the range 50-100 mm Hg, and to very considerable errors in individual cases (-10% to + 30%).
A finger on the pulse, supplemented by the intermittent measurement of systolic blood pressure using the palpatory method is acknowledged to be an integral part of good anaesthetic technique. Although this method is also subject to considerable inter-patient variability and potential systematic error, 5,6 it is valuable clinically for following changes and trends, because when a single anaesthetist repeatedly measures blood pressure in this way, many of the factors that contribute towards variability between measurements do not operate (for example, individual differences in physical and elastic properties of arteries, blood viscosity, and skin thickness). 7 Thus, routine indirect blood pressure measurements are adequate for the diagnosis and surveillance of hypertension, and for following changes in blood pressure in patients who are not shocked or critically ill. The auscultatory and palpatory methods are valuable for the early detection of circulatory changes, particularly if one operator is following the changes, as apparent changes in blood pressure occur due to an increase in peripheral resistance and decrease in peripheral blood flow when intraarterial pressure may not yet have fallen. 13 
Direct Blood Pressure Measurement
Direct blood pressure measurement may become necessary when it is desirable to accurately measure blood pressure (for example, in cases of severe hypotension or hypertension, or for monitoring the effects of potent drugs such as catecholamines or antihypertensive agents), when patients are shocked (and indirect pressures become unreliable and difficult to record), or when a patient faces the potential sudden loss of a large volume of blood (for example, during arterial surgery).
Mean Arterial Pressure
It is recommended, for reasons outlined below, that mean arterial pressures be charted when direct blood pressure measurements are being made. When this practice was introduced there was some resistance by both medical and nursing staff. It was felt that people were accustomed to thinking in terms of systolic and diastolic measurements (for example, 120170 rather than 87 mm Hg), and that some insight into pathophysiological processes could be gained by recording systolic and diastolic pressures. Whilst the former is true, the latter does not hold except in special circumstances where, for example, myocardial perfusion pressure during diastole is being monitored during vasodilator therapy.
The main determinants of systolic pressure are stroke volume, aortic distensibility and ventricular ejection velocity, whereas those of diastolic pressure are systolic pressure, aortic distensibility, heart rate, and peripheral vascular resistance. If the other determinants are held constant in circulatory models, the relationship between systolic and diastolic pressure and each determinant may be established; in no instance is this a linear relationship.28 Furthermore, not only does the relative importance of each variable change from time to time in vivo, but when changes do occur, the effects are modified by various compensatory reflex responses.
In addition, the contour of the pulse wave is quite different in, for example, the abdominal aorta and the radial artery. 29, 30 The systolic pressure is lower and the diastolic pressure higher in a large vessel such as the abdominal aorta compared with a peripheral vessel such as the radial artery. This is due to summation of the incident pulse waves with the reflected waves from the periphery, and to resonance effects in peripheral arteries. Thus the pulse pressure may be 40070 greater in the radial artery than in the abdominal aorta, whereas the mean pressure is only about 5070 less. Thus it is felt that a knowledge of systolic and diastolic pressures is unlikely to provide much insight into the circulatory problems of a critically ill patient, and if the patient is not critically ill, then not much insight is required. There may be exceptions to this. In these instances recommendations are given below for obtaining accurate systolic and diastolic pressure measurements.
If mean arterial pressures are accepted, the dynamic performance of the measuring system is of no consequence; it was found in this study that all the systems accurately recorded mean pressures (± 2070). The systems in clinical use are provided with a digital display which presents an electrically integrated mean pressure. This output was found to be accurate for mean arterial pressure (± 2070) although interpretation of the chart recording would be necessary for a patient with pulsus paradoxus. It has been found that routine mean direct pressure measurements are charted reliably and accurately by the nursing staff, who hydrostatically zero and electrically calibrate the system before each measurement.
Hydrostatic calibration is regularly carried out by one of the authors. Advantages are that the transducers may be placed conveniently distant from the patient to enhance patient comfort and facilitate nursing care, and that alterations in the frequency response of the cathetertransducer system are of no consequence. However, it is evident that most of the commercially available systems are overengineered for the measurement of mean pressures; the availability of a cheap, robust, low-frequency response system would be desirable.
The use of a standard aneroid gauge is entirely satisfactory for the continuous measurement and display of mean pressures > 20 mm Hg. It is necessary to check the calibration of the gauge with a mercury sphygmomanometer before use, and to ensure the system remains patent. A standard flushing system may be used or intermittent flushing via a stopcock can be performed. Particular advantages of this system are availability, simplicity, low cost, portability, and no requirement for an energy source. However, it is desirable that there be no air-blood interface to prevent air embolism.
Systolic and Diastolic Pressures
If accurate systolic and diastolic pressure measurements are required, the requirements are far more stringent, and were not met by many of the systems tested.
Firstly, it is necessary to establish that the amplifier-recorder system has an adequate frequency response; the system should be able to reproduce sine waves of > 0.707 of the initial amplitude up to frequencies of 30 Hz. It is evident from Table 3 that, of the systems tested, all were adequate except the systems in clinical use (* in Table 3 ); the individual components of these systems are apparently capable of adequate performance but a filter at preamplifier level limits their frequency response to about 8-10 Hz for a pen deflection of 40 mm Hg. The purpose of the filter appears to be to provide smooth wave forms and to damp the systolic overshoot characteristic of most of the second order catheter-transducer systems (Figure 1 (d Secondly, it is necessary to establish that the catheter-transducer system has an adequate natural frequency for the measurement of systolic and diastolic pressures. The system should have a natural frequency of 40 Hz or greater if damping is not to be adjusted,20 and should have a natural frequency of at least 20 Hz if damping is to be adjusted at the bedside. It is evident from Table 1 and Figure 5 that intravascular cannulae of the size used clinically (18-22 gauge) will have adequate frequency responses if appropriately damped. However, it is apparent from Table 2 that when a 20 gauge cannulae was used, the natural frequency response was only adequate when a 6" or three foot connecting line was used. In other recent studies in which 1 Yz inch 20 gauge cannulae were used (Cathlon IV, Jelco Laboratories, Rariton, New Jersey, U.S.A.), the conclusion was also reached that 3 feet was the maximum length for a connecting line if systolic and diastolic measurements were to be made. 19 ,30 Thus, for practical purposes, it is necessary to attach the transducer to the patient via a short piece of non-compliant tubing.
Thirdly, it is necessary to establish that the catheter-transducer system has an adequate natural frequency and an appropriate damping coefficient under the clinical conditions of the proposed measurement. It has been emphasised recentlyI9,22 that both the natural frequency and damping coefficient of any system in clinical use may undergo sudden marked changes due, for example, to kinking of the cannula, the cannula tip touching the vessel wall, fibrin deposition on the tip, or an air bubble in the system, and that it is necessary to determine both the natural frequency and damping coefficient in order to have confidence in any measurement. The adequacy of any system may best be determined at the bedside using a method described by Gardner;22 the natural frequency may be established by measuring the interval of successive oscillations of the catheter-transducer system after a square wave perturbation, produced by flushing the continuous infusion device (Intraflo, Sorrensen), and the damping coefficient by determining the amplitude ratio of successive oscillations. These may then be plotted on the graph provided by Gardner, and it may be determined whether or not the system is adequate for systolic and diastolic pressure measurement. If not, as long as the natural frequency of the system is adequate, the damping coefficient may be adjusted using a device which is essentially an air bubble in parallel with the system (Accudynamic, Sorrensen Research Company, Salt Lake City, Utah, U.S.A.). If damping is very carefully adjusted in this way (which allows alteration of the damping coefficient without changing the natural frequency of the system), systems with a natural frequency as low as 15 Hz may in practice produce adequate wave forms.
Central Venous and Pulmonary Capillary Wedge Pressure Measurements
The use of the digital displays of the equipment in clinical use (Table 3) introduces significant systematic errors. For accurate mean central venous and pulmonary capillary wedge pressure measurements it is necessary to make a chart recording of the pressures over several breaths and then to determine the mean pressure at the end of the expiratory pause, using the protocol outlined in Figure 3 . This procedure has been found to be carried out reliably and accurately for routine measurements by the nursing staff. Use of a water manometer for central venous pressure also introduced a systematic error of up to 3 mm Hg. Both the digital display of the monitors and the water manometer measured the mean intrathoracic pressure rather than the intravascular pressure at the end of the expiratory pause. For a patient on positive end expiratory pressure or continuous positive airway pressure, the measurements become more difficult to interpret. The pressures may either be measured from the chart, as described in Figure 3 , at the end of the expiratory pause, or may be measured when the patient is apnoeic off the ventilator. The clinical significance of the measurements in the latter instance is open to question.
Pulmonary Artery Pressure Measurement
The accurate measurement of mean pulmonary artery pressure presents a particular problem. Firstly, the frequency response of the Swan-Ganz catheter is inadequate for the accurate measurement of systolic or diastolic pressures (Table 1) . Secondly, unless the patient is taken off the ventilator or stops breathing at functional residual capacity and maintains intrathoracic pressure at atmospheric, there is inadequate time for the digital display to electrically integrate and display true mean end expiratory pulmonary artery pressure. For this reason we do not routinely chart mean pulmonary artery pressure; if a member of the staff requires the measurement, it is necessary to remove the patient from the ventilator and to take the electrically integrated mean from the digital display or to estimate the area of the trace on the chart at the end of the expiratory pause. In this way, mean pulmonary artery pressure can probably be estimated within 5-10 mm Hg, which is adequate for most clinical purposes. 
